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Optimizing Turn-on Angle and External Rotor Pole Shape to
Suppress Torque Ripple of a Novel Switched Reluctance Motor
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Abstract—The large vibration and noise of switched reluctance motor (SRM) limits development in
the field of electric bicycles. The innovation of the paper lies in reducing torque ripple by advancing the
turn-on angle and increasing air-gap permeability in the first half of two phase exchange region. The
torque ripple of a novel Multi-Teeth External Rotor SRM (MTER-SRM) is studied in the paper. Firstly,
the topology structure, working principle, and optimized process of the MTER-SRM are introduced.
Secondly, the method to suppress the torque ripple by advancing turn-on angle is proved theoretically.
The effect of advancing turn-on angle on torque ripple is analyzed, and turn-on angle is optimized by
Finite Element Method (FEM). Thirdly, the mathematical model is built to analyze the change of air-
gap permeability in the aligned and unaligned position. The effect of different angles and heights of pole
shoe on the torque characteristics is analyzed by FEM, and optimized parameters of single pole shoe size
are obtained. Finally, the results show that torque ripple has dropped from 1.5 to 0.4, with the decrease
of 73.3%. The multi-physical field results show that the vibration displacement, velocity, acceleration,
and noise pressure of stator decrease by 83.3%, 52.5%, 52.2%, and 54.2%, respectively. Meanwhile,
the vibration test of the prototype also shows that the maximum vibration acceleration has dropped
from 0.4 to 0.1, with the decrease of 75%. The vibration and noise of the MTER-SRM is decreased
significantly by this method, which can provide a demonstration for developing high performance motor
applied in electric bicycle.

1. INTRODUCTION

The SRM has been applied and popularized in many fields because of its the simple structure, high
starting torque, and high reliability. However, it produces large vibration and noise in the running,
which limits the development in some fields, such as electric bicycles [1,2].

Many literatures show that the torque ripple, resulting from the exchanging of two phase current,
can cause large vibration and noise, so it is very important to restrain torque ripple in order to decrease
vibration and noise [3,4]. Andrada et al. embedded PMs in stator teeth, thus significantly reducing the
torque ripple and cogging torque [5]. Jeong and Lee designed a rotor pole of S12-R8 as an independent
fan structure, which improve the inductance and magnetic flux at the unaligned position, and results
show that average torque is improved, but the torque ripple is larger [6]. On the basis of the S8-R6,
Mousavi-Aghdam et al. optimized the stator pole shoe arc of the conventional SRM to obtain nonuniform
air-gap to reduce torque ripple [7]. Gundogmus et al. proposed that slots on the teeth top of the stator
and rotor can change part of the radial magnetic density into tangential to reduce radial force wave. In
addition, the slot can also buffer the radial force and effectively suppress the vibration and noise [8].
Lee et al. obtained a uniform air-gap between the stator and rotor at the aligned position by changing
the rotor teeth shape, and then obtained an asymmetrical inductance curve. Experiments show that
the machine has low torque ripple, and it is concluded that torque ripple of external rotor with single
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pole shoe is lower [9]. Jiang et al. optimized the key parameters of the S24-R16 Hybrid Reluctance
Motor (HRM) by multi-objective and concluded that the single pole shoe of the stator can effectively
reduce the torque ripple [10]. Single pole shoes were added at the top of stator teeth, which reduced
the torque ripple. On the basis of that, the radial force was suppressed by setting a rectangular slot
at the top of the stator teeth [11]. Lee obtained the ideal torque density by modifying the rotor pole
shoe shape, thus reducing torque ripple [12]. Yang et al. studied the effect of stator and rotor helical
teeth on vibration and noise [13]. Nabeta et al. studied the effect of special rotor shape on the vibration
and torque ripple suppression of SRM [14]. Guo et al. proposed a method to select the best turn-on
angle based on efficiency to reduce the amplitude of the third harmonic current and the sixth radial
force harmonic, so as to reduce resonance [15]. Li et al. and Lee et al. made triangular slots on one side
of the rotor. The results showed that the maximum torque difference was reduced, which effectively
reduced the torque ripple [16,17]. Zhang et al. suggested setting rectangular slots on both sides of rotor
teeth to change air-gap magnetic density in the aligned position to reduce the torque ripple [18,19]. Lin
and Yang, and Mousavi-Aghdam et al. proposed a new structure MTER-SRM based on the method of
energy conversion efficiency, and it had lower torque ripple than the conventional SRM [20, 21].

A method that the torque ripple is restrained by varying turn-on angle and adding single pole
shoe is put forward in this paper based on a new structure of MTER-SRM applied in the field of
electric bicycles proposed by [21]. Firstly, the operating principle of the motor is introduced in the
paper. Secondly, the effect of varying angle of turn-on and the size of single shoe on the torque ripple
is analyzed. Thirdly, the torque characteristics at different turn-on angles and sizes of pole shoe are
analyzed by FEM. Finally, prototype experiments show that the torque ripple of the optimized model
is lower, and vibration and noise are effectively reduced.

2. WORKING PRINCIPLE AND OPTIMIZED PROCESS

2.1. Topology Structure and Working Principle

Fig. 1 shows the topology structure of MTER-SRM. The motor consists of 6 W-type stator blocks with
concentrated winding and radially opposite windings connected in series as one phase. There are 24
stator teeth and 22 rotor teeth in the motor. Table 1 displays the main parameters of the machine.

Segmented Stator

Figure 1. The geometric model MTER-SRM.

The MTER-SRM follows the principle of minimum reluctance. The position of rotor is unaligned
completely with stator of ph. A, as shown in Fig. 2(a), which is defined as the initial position of the
external rotor. When ph. A is excited, the magnetic flux is divided into 2 parts which pass through the
air-gap respectively, and then return to the stator tooth through the air-gap again. The external rotor
rotates from the initial position to position where the position of rotor is unaligned completely with
stator of ph. B, as shown in Fig. 2(b). The current of ph. B is excited again; and the current of ph. A
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Table 1. The parameters of MTER-SRM.

Items Size Items Size

Stator outer diameter (mm) 142.28 | Rotor outer diameter (mm) | 172
Stator inner diameter (mm) 79.28 | Rotor inner diameter (mm) | 143.48

Stator yoke thickness (mm) 6.83 | Rotor yoke thickness (mm) | 6.76

Stator tooth width (mm) 24.8 Rotor tooth width (mm) 7.51

Stator pole shoe arc (°) 5.58 Rotor pole shoe arc (°) 5.46

Air-gap length (mm) 0.6 Axial length (mm) 100
Number of coil turns per pole shoe 55 Copper space factor 65.4%

Figure 2. The operating principle of the MTER-SRM. (a) Initial position, (b) Ph. A is excited, (c)
Ph. B is excited, (d) Ph. C is excited.

turns off; the rotor rotates counterclockwise to the position shown in Fig. 2(c). Similarly, the current
of ph. C is excited, and the rotor rotates to the position shown in Fig. 2(d). When the three-phase
windings take turns on electricity, the external rotor will keep rotating counterclockwise.

2.2. Optimize Process

The suppression of torque ripple of the motor is studied in the paper, and Fig. 3 shows its optimized
process. Firstly, the angle of turn-on is optimized, and its optimal parameters get within the range.
Then, the angle and height of single pole shoe are optimized, and its optimal parameters get within
the range. Secondly, the harmonic response analysis and noise prediction of the optimized model are
carried out. Thirdly, two prototypes are made, and the vibration test experiment is conducted.

3. PRINCIPLE OF SUPPRESSING TORQUE RIPPLE

3.1. The Effect of Advancing Turn-on on Decreasing Torque Ripple

The torque ripple of SRM can be expressed as:
Tinax — T
Trip = —max  Tmim o 100% (1)
Tave

From Equation (1), it can be seen that the minimum torque change has great influence on the
torque ripple. As shown in Fig. 4, minimum torque occurs in the first half of the commutation interval
(Bon, Ooverlap)- The minimum torque is at point a and low when turn-on angle is 6,,. The former current
is not turned off yet, and the latter current rises rapidly when turn-on angle is 6/ . The minimum
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Figure 3. The flow-diagram of optimized process.
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Figure 4. The torque and current characteristics with rotor angle.

torque moves forward from point a to b, which is obviously higher than point a. The minimum torque
rises, and torque ripple decreases.

3.2. Electromagnetic Principle of Adding Single Pole Shoe

Changing the air-gap magnetic flux at the aligned position has great impact on the torque characteristics.
Ideally, the one phase magnetic flux 1) can be expressed as:

¢ = Li= (N?P)i= (N%)P (2)
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In Equation (2), where L, P, N, and ¢ are winding inductance, permeability, coil turns, and
excitation current, respectively. When N and ¢ are constant, P is positively correlated with L and .
Single pole shoe makes the external rotor pole shoe coincide with stator pole shoe earlier, thus improving
air-gap magnetic flux in the overlapping area.

 dirction _ dirction
ex-rotor ex-rotor
Br
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(a) (b)

Figure 5. The magnetic divisions on air-gap. (a) Unaligned position, (b) aligned position.

For the convenience of theoretical analysis, as shown in Fig. 5. Firstly, three positions are
determined: (1) external rotor pole shoe does not overlap with the stator teeth; (2) external pole
shoe pole shoe partially overlaps with stator teeth; (3) external rotor pole shoe completely overlaps
with stator teeth. Then, the permeance in the unaligned position is classified into P4, Pp, Pc, and
Pp, and those in the aligned position are classified into P4, P, Pco, Pp, and Pg, where P4 = Pp and
Po = Pp. Here, the initial model is briefly analyzed. The permeability analysis is as follows [20]:

_t g
g+t g+r|Bl 3)

In Equation (3), where f3, g, t, and r are the external rotor rotation angle, air-gap length, external
rotor rotation arc, and stator inner diameter, respectively. The average length of the magnetic circuit
[ is obtained by using the average approximation of the major and minor axis of ellipse.

l [+ (1+k)t] (4)

T 0
4 4
The cross-sectional area of the area is expressed as:

e lstk(dt;— kat) L (1 ; k) dt )

d 210l 2t
dP = Mo X as — Holstk % g+ dt (6)
l T g% + 2gt + 2t2

(t+ g+ kt) =

In Equations (5)—(6), dP and ly are permeability differential and axial length of core, respectively.
The magnetic permeability of the external rotor without single pole shoe can be expressed as:

TBr
Py =Pp = / s dpP
r[(&—BetBs)_p
E(;TQ 2 ) ] (7)
Po=Pp = / dpP
r(35 =257 )+

The total permeability of the region is expressed as:

P=Ps+ P+ Poc+ Pp=2P4+2Pp (8)
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The magnetic permeability of external rotor with single pole shoe, and stator and rotor pole shoes
are completely overlap with each other, namely 5 < 7/22 — (8, + B5)/2 — Bshoe-

TBr
Pyi11 = P11 = / dP
T(%_ﬂr;ﬂs _ﬁshoe_ﬁ) (9)

Pci1 = Ppii=FPe=Pp

In Equation (9), Bshoe is the pole shoe arc.
The total permeability of the region is expressed as:

Py = Pann + Ppi1 + Peir + Ppir = 2Pc + 2Pan (10)
r[(§ 552 -5
P11—P:2/ dP >0 (11)
T[(%*gﬁrlgﬁs )7ﬁfﬁshoe]

The magnetic permeability of external rotor with single pole shoe, and stator and rotor pole shoes
are partially overlap with each other, namely g5 — % > B> 95— % — Bshoe-

rBr
Pyi2 = Ppia = / dr
0

By (12)

Pc = Pci2 = Ppi2 = / ois ar
r(5— P +8)

,uOlstk |:ﬁ+ 5Shoe - <27; - BT—;IBS):| 6 +B

Py = 13
s 7 : (13)
The total permeability of the region is expressed as:
Py = Paio + Ppi2 + Pe12 + Ppi2 + P (14)
T(%_ﬂT;ﬂs _Bshoe_ﬂ)
P12—P11:2/ dP + Pg >0 (15)
0

It can be seen from Equations (14)—(15) that the air-gap permeability of external rotor with single
pole shoe is larger than that of the initial model, so single pole shoe can effectively improve the air-gap
permeability in the aligned and unaligned position. Thus, increasing air-gap magnetic flux can increase
minimum torque and reduce the torque ripple.

4. OPTIMIZED EXPERIMENT OF REDUCING TORQUE RIPPLE

4.1. Optimized Experiment of Advancing Turn-on Angle

As shown in Fig. 1, the rotor pole pitch is 180/11°, and the current conduction angle of single-phase
wingdings is 60/11°, because the MTER-SRM has 22 rotor teeth. The machine runs at the mode of
current chopping control (CCC). The turn-on angle is stepped from 0° to —2° by 0.5°, and the models
with different turn-on angles of turn-on are simulated by the FEM.

As can be seen from Fig. 6, no matter whether the turn-on angle is 0° or —1.5°, maximum torque
is always around 29N-m, but the minimum torque varies greatly. The exchanging points of ph. A
and ph. B are at point a and point b respectively when the turn-on angle is 0° or —1.5°, and the
corresponding minimum torques are 5.6 N-m and 8.1 N-m, respectively. Because ph. B current reaches
ahead the chopping value when the turn-on angle is —1.5°, the changing point moves forward from
point a to point b. According to Equation (1), the minimum torque is increased.

As shown in Fig. 7, average torque increases from 16.5N-m to 17.3 N-m when the turn-on angle
varies from 0° to —1.5°, and torque ripple decreases from 1.5 to 1.2, with the decrease of 20%. The
torque characteristics are better when turn-on angle is —1.5°, where the average torque is the largest
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Figure 6. The current and torque of turn-on angle advance.
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Figure 7. The torque characteristics of turn-on angle advance.

and torque ripple the lowest. The average torque decreases, and torque ripple increases when the turn-
on angle is —2°. The reason is that the ph. A current is in the chopping stage, and ph. B current rises
rapidly when the rotor of ph. B is still near the completely unaligned position with the lower inductance
change rate, leading to less torque, therefore reducing the minimum torque and increasing the torque
ripple. The optimal turn-on angle is selected as —1.5°.

4.2. Optimized Experiment of Adding Single Pole Shoe

A single pole shoe is added at the side of the external rotor in order to decrease the torque ripple, as
shown in Fig. 8.
Taken ph. A and ph. B as an example, an electrical period is divided into 3 regions: M, N, and P,
as shown in Fig. 9. Region Q which is similar to M is the first region in the second electrical period.
Region M is between 6,, where the current of ph. B starts to rise and 67, where the current of
ph. A is turned off. The inductance change rate of ph. A begins to decrease in this region, and the larger
the angle of pole shoe is, the smaller the inductance change rate is, and the smaller the torque of ph. A
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Figure 9. Torque and inductance of different pole shoe sizes. (a) Inductance, (b) torque.

is. In addition, the torque generated by ph. B is low, which makes the synthesis torque continuously
decrease.

There exists an N region, which starts at the point where the current of ph. A is turned off and ends
at the point where the inductance of phase begins to increase rapidly. The torque of ph. A decreases
rapidly, and the torque of ph. B is still small in this region, which makes synthetic torque reach minimum
at O,,.

P region is between the point 6, and point 67, where the synthetic torque reaches the peak. The
current of ph. B is in the chopping state in this region. The external rotor teeth without single pole shoe
cannot overlap with the stator teeth, so the inductance change rate is almost zero. However, the external
rotor teeth with single pole shoe have already overlapped with stator teeth where the inductance change
rate begins to change rapidly. The minimum inductance increases with the increase of pole shoe height.

The size of pole shoe has obvious effects on torque characteristics. As shown in Fig. 10, the
average torque and torque ripple of the external rotor without single pole shoe are 17.3 N-m and 1.2,
respectively. The average torque increases slightly when a single pole shoe is added at the side of
external rotor teeth. The air-gap magnetic flux increases in the overlapping region, which makes the
minimum torque increase. No matter how the size of pole shoe changes, the average torque remains
almost at 18.5 N-m. However, the torque ripple decreases more obviously with the increase of pole shoe
angle, so 2° is selected as the optimal angle of pole shoe. The torque ripple decreases with the increase
of pole shoe height, and it reaches the minimum when the height of pole shoe is 1.5 mm, so 1.5 mm is
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Figure 10. The torque characteristics of different pole shoe sizes. (a) Average torque, (b) torque
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Figure 11. The torque comparison.

selected as the optimal height of pole shoe.

As shown in Fig. 11, the red curve represents the instantaneous torque of the initial model; the
black curve represents the instantaneous torque when the model does not change, and the turn-on angle
is —1.5°%; the blue curve represents the instantaneous torque when the external rotor has single pole
shoe, and turn-on angle is —1.5°. Comparing the torque characteristics of the optimized model and
the initial model comprehensively, it is finally determined that the best turn-on angle is —1.5°, and the
angle and height of single pole shoe are 2° and 1.5 mm, respectively, which reduces the torque ripple
from 1.5 to 0.4 by 73.3% and greatly improves vibration of the machine.

5. VIBRATION ANALYSIS

5.1. Harmonic Response Analysis

The curve of amplitude-frequency characteristic of MTER-SRM can be obtained by Harmonic Response
Analysis (HRA), such as vibration displacement, velocity, and acceleration of the stator components at
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Figure 12. Torque component. (a) External rotor without single pole shoe, (b) external rotor with
single pole shoe.

different frequencies. The stress situation can be obtained based on the maximum response point and
peak frequency in the amplitude-frequency characteristic curve. The electromagnetic force of stator
tooth calculated by Maxwell is imported into the model of the stator pole in the form of concentrated
force. Figs. 12(a) and (b) show respectively the distributions of torque component in the model stator
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tooth before and after optimization.

The electromagnetic force of the stator teeth is calculated by Ansys-Maxwell in the last complete
period; the data in the time domain will be converted into frequency domain with the frequency range
of 0 ~ 1/(2dT), and the vibration characteristics of the stator in the frequency range in 0 ~ 20 MHz
will be obtained.

The vibration displacement, velocity, and acceleration of the stator part before optimization
are 6.6e-7mm, 6.le-3mm/s, and 585.1 mm/s? before optimization in Fig. 13, respectively, which are
I.le-7mm, 2.9e-3mm/s, and 279.9mm/s? after optimization, reduce by 83.3%, 52.5%, and 52.2%,
respectively. The vibration characteristics of the MTER-SRM are effectively improved.

5.2. Noise Analysis

Sound pressure is a physical parameter which describes the characteristics of the sound wave. The noise
of motor mainly radiates along the radial direction of air. An air domain of 5 times the outer diameter
of external rotor is established in the paper, as shown in Fig. 14.

Figure 14. The air domain.

The vibration velocity obtained is used as the excitation source of noise analysis, and it couples
to the module of noise analysis to solve the air domain. The maximum sound pressure of the initial
model is 2.4e-8MPa, as shown in Fig. 15, and that of the optimized model is 1.1e-8MPa, with decrease
of 54.2%.
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6. PROTOTYPE EXPERIMENT

6.1. System of Prototype

The vibration test is important for measuring the parameter of vibration and noise to verify the effect
of the simulation test. Two prototypes are made in Fig. 16, and the vibration test system is shown in
Fig. 17. One is the initial model as in Table 1, and the other is an external rotor of optimized with the
optimized size of pole shoe.

6.2. Prototype Experiment Results

The test speed is set at 1000 r/min, and vibration acceleration is shown in Fig. 18.
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Figure 18. Vibration acceleration of prototype.

The maximum vibration accelerations of two models are 0.4 g and 0.1 g before and after optimization
in Fig. 18, respectively, a reduction of 75%. The prototype experiment shows that the vibration and
noise of the optimized model is significantly lower. The innovation proposed in this paper can easily
suppress vibration and noise of other SRMs with an external rotor.

7. CONCLUSION

A new method by optimizing the turn-on angle and adding single pole shoe with an angle of 2° and
height of 1.5mm to the external rotor is proposed in the paper, by analyzing the causes of torque
ripple and summarizing methods of restraining torque ripple. The theoretical analysis, electromagnetic
simulation, and prototype experiment are carried out, and the following conclusions are made:

(1) The turn-on angle and pole shoe of external rotor has a great impact on the torque
characteristics. The parameters of turn-on angle and size of pole shoe are obtained by FEM. Compared
with the initial model, the torque ripple of the optimized model decreases from 1.2 to 0.4, with a decrease
of 73.3%. It is effective to decrease the torque ripple.

(2) Multi-physical field simulation experiments shows that the vibration displacement, velocity,
acceleration, and sound pressure of optimized model decrease by 83.3%, 52.5%, 52.2%, and 54.2%,
respectively. The vibration test of the prototypes shows that the maximum vibration acceleration
decreases from 0.4 to 0.1, with a decrease of 75%, which greatly decreases the vibration and noise of the
motor. Optimizing turn-on angle and adding single pole shoe to external rotor can be used as reference
about decreasing the vibration and noise suppression of other SRM with external rotor, which is low
for manufacturing cost and easy to achieve it.
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